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Quorum-sensing-controlled processes are considered to be important for the competitiveness of microor-
ganisms in the rhizosphere. They affect cell-cell communication, biofilm formation, and antibiotic production,
and the GacS-GacA two-component system plays a role as a key regulator. In spite of the importance of this
system for the regulation of various processes, strains with a Gac� phenotype are readily recovered from
natural habitats. To analyze the influence of quorum sensing and the influence of the production of the
antibiotic phenazine-1-carboxamide on rhizosphere colonization by Pseudomonas chlororaphis, a gnotobiotic
system based on Arabidopsis thaliana seedlings in soil was investigated. Transposon insertion mutants of P.
chlororaphis isolate SPR044 carrying insertions in different genes required for the production of N-acyl-
homoserine lactones and phenazine-1-carboxamide were generated. Analysis of solitary rhizosphere coloniza-
tion revealed that after prolonged growth, the population of the wild type was significantly larger than that of
the homoserine lactone-negative gacS mutant and that of a phenazine-1-carboxamide-overproducing strain. In
cocultivation experiments, however, the population size of the gacS mutant was similar to that of the wild type
after extended growth in the rhizosphere. A detailed analysis of growth kinetics was performed to explain this
phenomenon. After cells grown to the stationary phase were transferred to fresh medium, the gacS mutant had
a reduced lag phase, and production of the stationary-phase-specific sigma factor RpoS was strongly reduced.
This may provide a relative competitive advantage in cocultures with other bacteria, because it permits faster
reinitiation of growth after a change to nutrient-rich conditions. In addition, delayed entry into the stationary
phase may allow more efficient nutrient utilization. Thus, GacS-GacA-regulated processes are not absolutely
required for efficient rhizosphere colonization in populations containing the wild type and Gac� mutants.

In natural habitats microorganisms compete for nutrients to
ensure that they can multiply. Compared to the surrounding
soil, the rhizosphere of plants is a comparably nutrient-rich
habitat, and various factors have been shown to be required for
successful colonization by fluorescent pseudomonads (10, 11,
20, 27, 32, 42). The introduction of Pseudomonas spp. for plant
growth promotion or biocontrol is of biotechnological interest.
However, the impact of abiotic and biotic factors on the com-
petitiveness of these organisms with the indigenous microflora
is largely unknown. Different factors, including the production
of antimicrobial agents, contribute to bacterial competitiveness
in the rhizosphere (7, 29, 46). Some of these factors are regu-
lated by changes in the cell density, a phenomenon known as
quorum sensing (15, 45). This regulation is based on the syn-
thesis of low-molecular-mass signals, including N-acyl-homo-
serine lactones (acyl-HSLs), which freely diffuse out of the cell.
As the cell density increases, acyl-HSLs accumulate in the
environment. At intracellular concentrations above a certain
threshold concentration, the signal molecules productively in-
teract with transcriptional regulators of the LuxR family, and
the expression of quorum-sensing-regulated genes is initiated
(13).

In Pseudomonas spp., the production of metabolites like
HCN, 2,4-diacetylphloroglucinol, pyrrolnitrin, and extracellu-

lar proteases (8, 26), which have been shown to be important
for biocontrol activity, is controlled by a conserved two-com-
ponent system comprising the response regulator GacA and
the sensor kinase GacS (31). The GacA-GacS two-component
system and the acyl-HSL-mediated regulatory systems do not
act individually, but they are part of a complex regulatory
cascade (33). gacA and gacS mutants do not produce these
secondary metabolites and exoenzymes and are less effective
than the wild type in disease suppression in the rhizosphere
(26). Whereas antibiosis is generally considered to be a com-
petitiveness factor, spontaneous gacA and gacS mutants are
isolated from bacterial cultures, which is a problem for the
formulation for biocontrol agents (12). In addition, gacA mu-
tants have been isolated from the rhizosphere, suggesting that
the absence of this cascade may confer a competitive advan-
tage under certain conditions (31, 36).

The limited success of biocontrol field experiments has often
been shown to correlate with poor colonization of the roots
(47). Thus, when the production of antimicrobial metabolites
by Pseudomonas fluorescens strain 79-2 was exploited to sup-
press the fungus Graeumannomyces graminis var. tricitii in the
wheat rhizosphere, the functionality of quorum sensing was
shown to be positively correlated with the population size (2).
However, despite the obvious importance of quorum sensing
for cell-cell communication, there is relatively little informa-
tion concerning the influence of quorum sensing on rhizo-
sphere colonization. To address this issue, we used a micro-
cosm-based closed system with low intrinsic variability, which
was suitable for detection of subtle differences in rhizosphere
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colonization. A natural isolate of Pseudomonas chlororaphis,
strain SPR044 (40), was used as a model for studies on the
influence of quorum sensing and phenazine-1-carboxamide
(PCN) production. Rhizosphere colonization by the wild type
and rhizosphere colonization by mutants carrying insertions in
genes required for homoserine lactone and/or PCN biosynthe-
sis were compared, and the results showed that these traits per
se do not offer competitive advantages. In contrast, defects in
the quorum-sensing system may be advantageous under certain
conditions.

MATERIALS AND METHODS

Organisms, plasmids, and growth conditions. Escherichia coli JM109 and
HB101 were grown at 37°C in Luria-Bertani (LB) medium, whereas Pseudomo-
nas spp., Bacillus subtilis, Chromobacterium violaceum, and Agrobacterium tume-
faciens were grown in LB medium at 26°C. Alternatively, P. chlororaphis was
grown at 26°C in liquid M9 minimal medium supplemented with 0.5% glucose or
0.5% myo-inosit (35). For plasmid propagation and selection of transformants
media were supplemented with the following antibiotics: carbenicillin (100 �g/
ml), chloramphenicol (20 �g/ml), tetracycline (5 �g/ml), kanamycin (50 �g/ml
for E. coli and C. violaceum and 100 �g/ml for P. chlororaphis), streptomycin (50
�g/ml for E. coli and 200 �g/ml for P. chlororaphis), and spectinomycin (50 �g/ml
for E. coli and 200 �g/ml for P. chlororaphis). The strains and plasmids used in
this study are described in Table 1.

TnMod mutagenesis and mutant analysis. TnMod was introduced into P.
chlororaphis by triparental mating. The recipient, the donor E. coli JM109 har-
boring pTnMod-OKm, and E. coli HB101 containing the helper plasmid RK600
were propagated in LB medium supplemented with antibiotics to the mid-log
phase, sedimented by centrifugation, and resuspended in LB medium. Equal
amounts of donor, recipient, and helper (10 �l of each, corresponding to 107

cells) were mixed on prewarmed LB agar plates and incubated for 16 h at 26°C
to allow plasmid transfer. The cells were washed from the plates with LB medium
and plated on agar supplemented with 100 �g of kanamycin per ml and 100 �g
of carbenicillin per ml to select for transposon insertions into the P. chlororaphis
chromosome. Transposon-carrying derivatives affected in acyl-HSL production
were identified due to their inability to restore orange pigment production to
phzI-deficient Pseudomonas aureofaciens 30-84I streaked in close proximity on
LB agar (48). Strains affected in PCN production were identified by visual
inspection for colonies with altered amounts of green PCN crystals. To deter-
mine the chromosomal site of insertion, the replication-competent plasposon
and flanking DNA were recloned from the chromosome. DNA was isolated
(Quantum Prep AquaPure genomic DNA isolation kit; Bio-Rad) and cleaved
with SalI or PstI; this was followed by religation, electroporation into JM109,
and selection for kanamycin resistance. The resulting plasmids were sequenced

by using primers Ori5seq (5�-GCCTTTTGCTCACATGTTCTTTCC-3�) and
Ori3seq (5�-CCCCGAGCTCTTAATTAATTTAAATC-3�), which anneal to the
two ends of the TnMod insertion, which allows identification of the insertion site.

TLC analysis of acyl-HSLs released by P. chlororaphis SP044. Acyl-HSLs
produced by SPR044 and its TnMod insertion derivatives were isolated essen-
tially as described previously (52). Briefly, after ethyl acetate extraction of cell-
free supernatant and subsequent evaporation to dryness, the samples were dis-
solved in 50 �l of ethyl acetate. Ten-microliter aliquots were applied to C18

reversed-phase thin-layer chromatography (TLC) plates (RP18 F254; Merck) and
developed in 60% methanol–40% water. After chromatography, the plates were
each dried and overlaid with 300 ml of LB agar inoculated with 10 ml of an
exponentially growing culture of the indicator strain P. aureofaciens 30-84I (phzI
negative) (49) or the indicator strain A. tumefaciens A136(pCF218)(pCF372)
(14). Acyl-HSL-induced orange phenazine production by P. aureofaciens 30-84I
was determined by visual inspection, whereas �-galactosidase activity in the A.
tumefaciens indicator strain was monitored in agar supplemented with 40 �g of
X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactoside) per ml. For identification of
inducing compounds from strain SPR044, the positions of the compounds after
TLC separation were compared to those of the reference compounds butyryl-
homoserine lactone (BHSL), hexanoyl-homoserine lactone (HHSL), and oc-
tanoyl-homoserine lactone (OHSL) (Sigma).

Assays for production of secondary metabolites. Assays to examine production
of BHSL, antimicrobial agents, and extracellular proteases were performed by
the method of Ravn et al. (34), with minor modifications. Briefly, cell-free
supernatants from cultures grown for 17 h in M9 minimal medium with glucose
were screened in agar well diffusion assays. For quantitation of acyl-HSL pro-
duction, synthetic BHSL (1 to 100,000 pmol) was analyzed simultaneously. The
agar was inoculated with 10 ml of an exponentially growing culture of P. aureo-
faciens 30-84I or with B. subtilis for monitoring antimicrobial agents. The plates
were incubated at 26°C for 48 h before the diameters of the zones induced by
acyl-HSLs (color produced by indicators) or antimicrobial metabolites (growth
inhibition) were measured. For the analysis of extracellular proteases, an agar
containing 0.3% yeast extract, 0.5% K2HPO4, and 1% skim milk powder (pH 7)
was used, and lysis zones were monitored as described above. Phenazine pro-
duction was analyzed after chloroform extraction (1:1, vol/vol) of cell-free su-
pernatants from cultures grown to the stationary phase in LB medium. After
evaporation to dryness, samples were each suspended in 1 ml of chloroform, and
the production of phenazines was assessed after spectral analyses (200 to 500
nm) (28).

DNA manipulations. DNA purification, modification, and cloning were per-
formed by using standard protocols (35) with enzymes purchased from MBI
Fermentas and New England Biolabs. DNA sequence analyses were performed
with an ABI Prism 377 sequencer. The GacS coding region was PCR amplified
with Taq polymerase from 1 ng of chromosomal DNA of P. chlororaphis SPR044
by using oligonucleotides GacS5� (5�-GGCAGAGCTCGTTAGCAGGAGAGT
TGCGTGCTTAAG-3�) and GacS3� (5�-GCGGGTCTAGATCAGGCGTTGA
TGCGGGCCT-3�) and the following cycling conditions: 2 min at 95°C for one

TABLE 1. Strains and plasmids

Strain or plasmid Genotype or description Reference or source

Strains
P. chlororaphis SPR044 Wild type, P. chlororaphis natural isolate 40
SPR144 SPR044, TnMod insertion in gene for putative RNA 3�-terminal phosphate cyclase, Kanr This study
SPR244 SPR044, gacS::TnMod, Kanr This study
SPR344 SPR044, TnMod insertion in gene for putative glycosyl transferase, Kanr This study
SPR544 SPR044, TnMod insertion in gene for putative transcriptional regulator, Kanr This study
SPR644 SPR044, htpX::TnMod, Kanr This study
SPR744 SPR044, phzF::TnMod, Kanr This study
SPR844 SPR044, phzE::TnMod, Kanr This study
P. aureofaciens 30-84I phzl::Km, HSL�, Phz�, Kanr 49
E. coli HB101 K12/B hybrid, Strr recA thi pro leu hsdRM� 21
E. coli JM109 endA1 gyrA96 thi hsdR71 supE44 recA1 relA1 �(lac-proAB) (F� traD36 proAB� lacIq lacZ�M15) 50
A. tumefaciens A136 pCF218 traR, pCF372 traI-lacZ, Tetr, Spcr, acyl-HSL detection strain 14
B. subtilis Wild type ATCC 1498

Plasmids
pRK600 ColE1 oriV, RP4 oriT, Camr, helper plasmid in triparental matings 21
pTrc200 pVS1 replicon, lacIq Strr Spcr, trc promoter 39
pTrc300 pVS1 replicon, lacIq Strr Spcr, trc promoter This study
pTrcGacS pTrc300, gacS expression plasmid This study
pTnMod-OKm OriR, Kanr, TnMod delivery plasmid 9
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cycle; 44°C for 1 min, 72°C for 1 min, and 95°C for 30 s for 30 cycles; and 44°C
for 3 min and 72°C for 7 min for one cycle. The resulting 2.7-kb fragment was
cleaved with SacI and XbaI and ligated into SacI- and XbaI-cleaved pUC19,
resulting in pUC-GacS. The sequence of the insert was determined with specific
primers. For expression of gacS in P. chlororaphis, pTrc200 (39) was cut with
NcoI, and the overhanging single-stranded DNA was removed with S1 nuclease
and religated, resulting in vector pTrc300. The GacS coding sequence was ex-
cised from pUC-GacS by using SacI and HindIII and was ligated into SacI- and
HindIII-cleaved pTrc300, resulting in pTrcGacS.

SDS-PAGE and protein analysis. Protein lysates were analyzed after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in acrylamide-
containing gels (23) followed by Western blotting, incubation with specific poly-
clonal antisera, and detection with anti-rabbit horseradish peroxidase-conjugated
secondary antibody (Bio-Rad) by using a chemiluminescence-based detection
system (NEN). RpoS-specific antiserum was used at a 1:5,000 dilution.

Microcosm design and sampling procedure. Seed sterilization, coating with
bacteria, and growth of Arabidopsis thaliana were performed as described pre-
viously (40). Ten plants were harvested randomly after 14, 28, and 42 days. After
removal of unattached soil, the root weight was determined. The roots were
transferred into flasks containing 10 ml of phosphate-buffered saline (pH 7.2)
and 0.5 g of glass beads (diameter, 0.25 to 0.3 mm; B. Braun Biotech Interna-
tional) and subjected to vigorous shaking for 20 min. Serial dilutions were plated
on LB medium supplemented with kanamycin if required for discrimination of
SPR044 and the TnMod derivatives. After 36 h of incubation at 26°C colonies
were counted, and the number of CFU per gram of root was determined.

Statistical methods. Data were analyzed for significance by using the software
SPSS10 for Macintosh. Normal distribution of the data was analyzed with the
Kolmogorov-Smirnov test, and the homogeneity of the variances was analyzed
with the Levene test. Since the doubling times and lag phases in the growth
experiments showed normal distribution and homogeneity of the variances, they
were compared by analysis of variance. Pairwise comparisons between the wild
type and mutants were performed with the post hoc test of Bonferroni. The
values for log CFU per gram of root obtained in the plant colonization assays did
not show a normal distribution and therefore were compared by using the
Kruskal-Wallis test. With this nonparametric test we compared the medians of
multiple samples for each derivative and each time point. Pairwise comparisons
between the wild type and mutants were performed with the Mann-Whitney U
test.

Nucleotide sequence accession numbers. The nucleotide sequences of com-
plete genes have been deposited in the GenBank database under accession
numbers AF517687 (gacS) and AF517688 (putative glycosyl transferase gene).

RESULTS

Isolation and characterization of mutants affected in acyl-
HSL and/or PCN biosynthesis. P. chlororaphis SPR044 was
mutagenized by triparental mating (9). Screening of 4,000 ex-
conjugants carrying TnModKm-O resulted in detection of
three classes of mutants (Table 1). The first class comprised
two mutants deficient in acyl-HSL production (SPR144 and
SPR244) (48). The second class contained four PCN-deficient
mutants (SPR544, SPR644, SPR744, and SPR844), and the
third class contained a single mutant which produced a signif-
icantly larger amount of green PCN crystals (SPR344). South-

ern blot analyses demonstrated that each isolate had a different
chromosomal insertion site for TnModKm-O (data not shown).
The DNA regions flanking the insertion were cloned in E. coli
JM109 and sequenced with primers annealing to the ends of
TnMod to determine the plasposon’s point of insertion. Data-
base searches indicated that all of the clones carried TnMod-
OKm insertions in genes encoding proteins with significant
similarity to proteins from Pseudomonas aeruginosa PAO1 or
to proteins from different P. chlororaphis strains (Table 2).

The deduced amino acid sequence of the gene product af-
fected by the TnMod insertion in SPR144 most closely resem-
bled an RNA 3�-terminal phosphate cyclase. Such enzymes
catalyze the conversion of 3�-phosphate to a 2�,3�-cyclic phos-
phodiester at the end of RNA (44). SPR244 carried the inser-
tion in the gacS gene encoding a two-component sensor kinase,
which has been sequenced previously in a different P. chloro-
raphis strain. The gene flanking the TnMod insertion in
SPR344 probably codes for a glycosyl transferase, and there
are two classes of glycosyl transferases. The processive glycosyl
transferases transfer multiple sugar residues, and the nonpro-
cessive glycosyl transferases catalyze the transfer of a single
sugar to the repeat unit of a polysaccharide. Hydrophobic
cluster analysis revealed that there are two conserved regions
(37). Whereas domain A is conserved in all glycosyl trans-
ferases, domain B is present only in processive enzymes. Since
the QXXRW motif characteristic of domain B is not present in
the SPR044 glycosyl transferase, this protein probably belongs
to the class of nonprocessive enzymes (37). In the case of
SPR544 the gene flanking the insertion most likely encodes a
transcriptional regulator. The gene product shows 58% simi-
larity and 42% identity to VanR of Acinetobacter sp. strain
ADP1, a member of the GntR family of repressors (30). The
TnMod insertion in strain SPR644 is located in htpX, which
encodes a putative heat shock protein. This protein exhibits
64% similarity and 49% identity to HtpX of E. coli. Production
of the 32-kDa HtpX protein is induced by a temperature up-
shift in E. coli. However, its role in the heat shock response is
not obvious, because E. coli cells carrying an htpX disruption
have no apparent phenotype at temperatures up to 47°C (22).
The TnMod insertions of SPR744 and SPR844 are located in
phzF and phzE, respectively. The gene products were previ-
ously identified as components of the phenazine biosynthesis
pathway.

Identification of autoinducers produced by P. chlororaphis.
To analyze the production of autoinducers by SPR044 and its
TnMod insertion derivatives, ethyl acetate extracts of the cell-

TABLE 2. Putative functions of gene products affected by TnMod insertions in P. chlororaphis derivatives deduced from database searches

Strain Organism encoding similar
gene product Accession no. Putative protein function % Identitya % Similarityb

SPR144 P. aeruginosa AE004872 RNA 3�-terminal phosphate cyclase 75 88
SPR244 P. chlororaphis O6 AF192795 Two-component histidine sensor kinase GacS 98 99
SPR344 P. aeruginosa AE004913 Glycosyl transferase 69 75
SPR544 P. aeruginosa AE004556 Transcription regulator 45 64
SPR644 P. aeruginosa AE004709 Heat shock protein HtpX 90 94
SPR744 P. chlororaphis PCL1391 AF195615 Phenazine biosynthesis protein PhzF 99 99
SPR844 P. chlororaphis PCL1391 AF195615 Phenazine biosynthesis protein PhzE 100 100

a Based on deduced amino acids matched with identical amino acids.
b Based on deduced amino acids matched with similar groups of amino acids.
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free supernatants of stationary-phase cultures were separated
by TLC. The plates were overlaid with A. tumefaciens A136
(pCF218)(pCF372) seeded in LB agar. Two bioactive com-
pounds that induced �-galactosidase activity were detected in
extracts from SPR044 and all of the insertion mutants except
SPR144 and SPR244 (Fig. 1A). The most prominent signal was
the signal caused by compound A (Rf, 0.5), which migrated at a
position between the positions of synthetic HHSL and OHSL.
Compound B caused a relatively weak response of the test
strain and migrated faster than synthetic HHSL. Synthetic
BHSL was not detected, which is in accord with the low sen-
sitivity of the detection strain for BHSL (52). The Rf values and
the spot-like migration of compounds A and B detected by
A136(pCF218)(pCF372), as well as the inability of these com-
pounds to induce the quorum-sensing system of P. aureofaciens
30-84I (see below), suggest that they are probably C-3-hydroxy-
substituted acyl-HSLs. Based on the relative Rf values of

acyl-HSLs from P. fluorescens 2-79, compound A probably
corresponds to N-(3-hydroxy-octanoyl)-homoserine lactone
(3). However, compound B could not be identified, and its Rf

is similar to that of an unidentified acyl-HSL produced by
strain 2-79. To identify additional acyl-HSLs, TLC overlay
assays were performed with P. aureofaciens 30-84I. With this
analysis we identified an acyl-HSL with an Rf identical to that
of synthetic BHSL in supernatants of SPR044 and all of the
TnMod insertion mutants except SPR144 and SPR244 (Fig.
1B). Compounds similar to HHSL and OHSL were not de-
tected in ethyl acetate extracts of supernatants from SPR044
cultures, even though the sensitivity of the test strains allowed
detection of these compounds at concentrations as low as 0.5
and 50 �M, respectively.

Quantification of BHSL production by P. chlororaphis and
its insertion derivatives. After identification of acyl-HSLs pro-
duced by strain SPR044 and its TnMod insertion derivatives,
well diffusion assays with P. aureofaciens 30-84 were performed
to quantify BHSL production (34). Based on the colored sur-
face areas induced by reference amounts of synthetic BHSL,
the amounts produced by strain SPR044 and its TnMod inser-
tion derivatives were determined (Table 3). SPR044 produced
16 �M BSHL in supernatants of cells grown to the stationary
phase, whereas the two acyl-HSL-deficient mutants did not
produce detectable amounts of this compound. The acyl-HSL
production by SPR344 was 26% of the production by the wild
type. Similarly, the PCN-negative mutants with TnMod inser-
tions in the phz genes produced much smaller amounts. Strain
SPR644 produced amounts of BHSL comparable to the
amounts produced by the wild type, whereas the amount pro-
duced by SPR544 was 65% of the amount produced by the wild
type. These results indicate that other acyl-HSL-regulated
traits may be affected in a quantitative manner in the different
TnMod insertion mutants.

Analysis of the production of protease, phenazine, and an-
timicrobial secondary metabolites. Since protease production
and antibiotic production are often quorum sensing controlled
and are considered to be important for root colonization, they
were analyzed in SPR044 and its derivatives. Agar well diffu-
sion assays (34) were used to assess the inhibition of C. viola-
ceum as an example of gram-negative bacteria and the inhibi-
tion of B. subtilis as an example of gram-positive bacteria. In
both assays, the inhibition caused by cell-free supernatant of
SPR644 was similar to that of the wild type, whereas SPR144

FIG. 1. Analysis of acyl-HSLs produced by P. chlororaphis SPR044
and TnMod insertion derivatives. Ethyl acetate extracts from cell su-
pernatants and synthetic reference acyl-HSLs (lane C4, BHSL; lane C6,
HHSL; lane C8, OHSL) were separated on C18 reversed-phase TLC
plates in methanol-water (60:40). Bioassays were conducted with the
reporter strains A. tumefaciens A136(pCF218)(pCF372) (A) and phzI-
negative P. aureofaciens 30-84I (B). Lane 1, SPR144; lane 2, SPR244;
lane 3, SPR344; lane 4, SPR544; lane 5, SPR644; lane 6, SPR744; lane
7, SPR844; lane 8, SPR044. The arrowheads indicate signals induced
by acyl-HSLs from strain SPR044. The arrows indicate the direction of
solvent migration.

TABLE 3. BHSL production by P. chlororaphis SPR044 and
its TnMod insertion derivatives

Strain Relative concn of
BHSL (�M)a

% BHSL compared
to SPR044

SPR044 16.0 100
SPR144 0
SPR244 0
SPR344 4.1 26
SPR544 10.0 63
SPR644 15.5 97
SPR744 6.0 37
SPR844 6.4 40

a BHSL production was quantified in well diffusion assays by using cell-free
supernatants of stationary-phase cultures. Representative results from four ex-
periments are shown.
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and SPR244 did not produce antibiotics and the other deriv-
atives produced reduced amounts (Table 4). The presence of
proteases in cell-free supernatants was analyzed in agar sup-
plemented with skim milk powder, and proteases were present
in all strains except SPR144 and SPR244 (Table 4). Protease
production could not be analyzed in a semiquantitative man-
ner, because increasing the amount of supernatant did not lead
to larger diameters of the lysis zones (data not shown). Pro-
duction of antibiotics was clearly correlated with acyl-HSL
production, showing that the biosynthesis is probably quorum
sensing regulated. Phenazine production was scored based on
colony pigmentation, and the pigments were identified by mea-
suring the absorption spectra of chloroform extracts from cul-
ture supernatants (28). As expected, the two acyl-HSL-defi-
cient mutants, as well as SPR744 and SPR844 carrying
insertions in phzF and phzE, did not produce PCN and its
precursor, phenazine-1-carboxylic acid (PCA).

Influence of the production of acyl-HSLs and PCN on rhi-
zosphere colonization by P. chlororaphis. Many quorum-sens-
ing-regulated metabolic activities are important for rhizo-
sphere colonization. We chose one mutant from each class of
plasposon derivatives to assess the effects of acyl-HSL and
phenazine production on colonization. SPR244 carrying the
TnMod insertion in the gene encoding the sensor GacS was
chosen as an acyl-HSL-negative mutant. SPR644 was chosen
for the analysis of the effects of PCN production on coloniza-
tion because it produced PCA. The amounts of acyl-HSLs and
antimicrobial agents produced were similar to the amounts
produced by the wild type, whereas the other PCN-deficient
mutants had pleiotropic defects. SPR344 was used to assess the
effects of PCN overproduction. The growth rates of the TnMod
insertion derivatives in LB medium were identical to the
growth rate of the wild type (data not shown). This was a
prerequisite for further studies since a slightly reduced growth
rate was shown previously to negatively affect rhizosphere
growth (43). Strains were inoculated into sterile soil micro-
cosms, and colonization of the rhizosphere of A. thaliana was
monitored. After 14 days the size of the population of SPR044
was approximately 107.3 CFU/g of root and did not differ sig-
nificantly from the sizes of the populations of the variants (Fig.
2A). After 28 days, however, the size of the population of
SPR044 (107.3 CFU/g of root) was similar to that of PCN-

negative strain SPR644 but significantly larger than that of
SPR244 or SPR344. After 42 days the sizes of the populations
of the wild type and SPR644 were still similar, whereas the
sizes of the populations of SPR244 and SPR344 were signifi-

FIG. 2. Rhizosphere colonization by SPR044 and its insertion de-
rivatives (A) and by SPR044 in cocultures with TnMod insertion deri-
vatives (B). P. chlororaphis SPR044, its quorum-sensing-negative deri-
vative SPR244, the PCN overproducer SPR344, or the PCN-negative
mutant SPR644 was inoculated to an optical density at 600 nm of 0.01
together with 50 A. thaliana seeds into sterile soil microcosms. For
coculture experiments, one mutant belonging to each class was inoc-
ulated together with the wild type and 50 A. thaliana seeds. Population
sizes were determined after 14, 28, and 42 days. The mean values for
six independent experiments were calculated. Means labeled with a dif-
ferent letter are significantly different (P � 0.05) from the mean value
for SPR044 at that time point, as determined by the Kruskal-Wallis test.

TABLE 4. Production of quorum-sensing-regulated metabolites by P. chlororaphis SPR044 and its TnMod derivativesa

Strain Protease
productionb

PCA
productionc

PCN
productiond

Inhibition of gram-negative
bacteriae

Inhibition of gram-positive
bacteriaf

SPR044 �g �� � �� ��
SPR144 � � � � �
SPR244 � � � � �
SPR344 � � ��� � �
SPR544 � �� � � �
SPR644 � �� � �� ��
SPR744 � � � � �
SPR844 � � � � �

a Representative data from four experiments are shown.
b Protease activity was tested in well diffusion assays by using cell-free supernatants of stationary-phase cultures and agar supplemented with skim milk powder.
c PCA production was measured by spectral analysis (200 to 500 nm) of chloroform extracts of cell-free supernatants.
d PCN production was analyzed by visual estimation of the amount of green PCN crystals per colony.
e A semiquantitative analysis was performed by using agar well diffusion assays with cell-free supernatants of stationary-phase cultures and cultures of C. violaceum.
f A semiquantitative analysis was performed by using agar well diffusion assays with cell-free supernatants of stationary-phase cultures and cultures of B. subtilis.
g �, present; �, absent. The number of plus signs indicates the production or inhibition compared to the production or inhibition by the wild type.
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cantly smaller. The difference between the sizes of the popu-
lations of strains SPR344 and SPR044 increased with each
harvest cycle, until after 42 days the size of the population of
SPR344 was 1 order of magnitude smaller than the size of the
population of the wild type. In contrast, after 42 days the size
of the population of SPR244 was only fourfold smaller than the
size of the population of SPR044. To determine the cultivation
success, the cell numbers were analyzed by a culture-indepen-
dent method in parallel as described previously (40). No di-
vergence between the results obtained by the culture-depen-
dent method and the results obtained by the culture-
independent method was observed (data not shown) (38). This
indicates that rhizosphere colonization is strongly affected by
increased PCN production, whereas defects in acyl-HSL pro-
duction do not have similarly pronounced effects.

Influence of acyl-HSL and PCN production on rhizosphere
colonization in coinoculation experiments. When SPR044 was
coinoculated with the variants, comparable population sizes
for this strain were obtained for all three combinations, and the
sizes ranged from 107.3 CFU/g of root after 14 days to 106.4

CFU/g of root after 42 days (Fig. 2B). The significantly re-
duced growth compared to the growth observed after solitary
colonization as described above may have been due to compe-
tition between the coinoculated strains for limiting nutrients.
Compared to solitary growth, the difference in population sizes
between SPR044 and SPR344 was even more pronounced un-
der these conditions. The size of the population of SPR344 was
almost 2 orders of magnitude smaller than the size of the
population of the wild type after 42 days. The sizes of the
populations of SPR244 and SPR644, however, were similar to
the size of the wild-type population even after 42 days. Since in
solitary growth experiments the size of the population of
SPR244 was significantly less than the size of the population of
the wild type, it was quite surprising that the population sizes
were similar in coinoculation experiments. These results sug-
gest that the absence of GacS per se is not detrimental to the
fitness of rhizosphere-grown cells.

Acyl-HSL-deficient mutants have a significantly reduced lag

phase. To gain further insight into the physiological basis for
this phenomenon and into the relative fitness of SPR044,
growth was analyzed in M9 minimal medium supplemented
with 0.5% glucose. Bacterial multiplication was strongly re-
duced under these conditions compared to growth in LB me-
dium, and this permitted a more detailed analysis. The mean
generation time was determined in the logarithmic growth
phase, and the analysis included a minimum of five indepen-
dent experiments. The growth rates of the variants were similar
to the growth rate of SPR044, and a typical sigmoidal growth
curve was observed in all cases (Fig. 3). In the case of SPR144
and SPR244, however, the lag phase was significantly reduced
to less than 1 h instead of the 3 h observed for the wild type and
the other derivatives. This effect was independent of the me-
dium used for growth of the overnight cultures (LB medium or
M9 minimal medium), and it was still observed when condi-
tioned medium was used (that is, in the presence of wild-type
acyl-HSLs) (data not shown).

Complementation of the TnMod insertion in the gacS gene.
To analyze this effect in more detail, complementation of
SPR244 by expression of gacS in trans was assessed. gacS was
PCR amplified from SPR044 genomic DNA, and the PCR
product was cloned into pTrc300 under control of the trc pro-
moter. Transformation of SPR244 with pTrcGacS restored
acyl-HSL production, as well as PCN production, even in the
absence of isopropyl-�-D-thiogalactopyranoside (IPTG), which
was probably due to leakiness of the promoter (data not
shown). To further slow bacterial growth down and to avoid
possible effects of catabolite repression, the growth of SPR044
and the growth of SPR244, as well as the growth of SPR244
carrying pTrc300 or pTrcGacS, were analyzed in M9 minimal
medium supplemented with 0.5% myo-inosit (Fig. 4). Under
these conditions, SPR244 had a lag phase of 3 h, compared to
a lag phase of 6 h in case of the wild type, which is in accord
with the results described above. Expression of gacS in trans
increased the lag phase of SPR244(pTrcGacS) to 8 h, which is
even longer than that of the wild type. The prolonged lag phase
of SPR244(pTrcGacS) probably was a consequence of overex-
pression of gacS. However, the observed reduction in the lag
phase (i.e., the fast restart of growth) of SPR244 in fresh
medium indicated that only minor adaptations of the physiol-
ogy of this organism are necessary. One possible explanation is
that the cells are still in the exponential phase or do not fully
enter the stationary phase.

Synthesis of �s protein in SPR044 and its derivatives. To
test this hypothesis, the cellular level of the stationary-phase-
specific sigma factor �s was analyzed. It is well established that
�s (RpoS) is unstable in the exponential phase (half-life, 14
min) but is stabilized at the onset of the stationary phase in
E. coli (19, 24). To determine the level of cell-bound �s in
P. chlororaphis, samples were taken periodically from cells
grown in minimal medium as described above, and cell lysates
were analyzed with RpoS-specific antiserum. This analysis re-
vealed that there were significant differences in the cellular �s

levels in SPR044 and SPR244 carrying pTrc300 or pTrcGacS
(Fig. 5). The RpoS-specific signal strongly increased after 18 h
of growth in SPR044 and in SPR244(pTrcGacS) cultures. In
SPR244 and SPR244(pTrc300) cultures, however, the RpoS-
specific signal remained constant or even decreased after 24 h.
This supports the assumption that the GacS-negative strains do

FIG. 3. Growth of P. chlororaphis SPR044 and its TnMod insertion
derivatives in liquid culture. Cells were grown in M9 minimal medium
supplemented with 0.5% glucose under aerobic conditions at 26°C.
OD600, optical density at 600 nm.
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not fully enter the stationary phase under these conditions,
which may permit a faster restart of growth after inoculation
into fresh media.

DISCUSSION

The aim of this study was to analyze the importance of
acyl-HSL and PCN production for rhizosphere colonization by
P. chlororaphis SPR044. As a first step, acyl-HSLs produced by
strain SPR044 and variants of this strain defective in acyl-HSL
and/or PCN biosynthesis were characterized, and their regula-
tory functions for production of antimicrobial agents and ex-
tracellular enzymes were assessed (29). Analysis of cell-free
culture supernatants revealed that SPR044 produces three

acyl-HSLs, but HHSL, the main autoinducer described for P.
chlororaphis PCL1391 (6), was not detected. In contrast, BHSL
was identified as a major acyl-HSL in strain SPR044, but it was
also present in strain PCL1391 in addition to HHSL. Although
a detailed chemical analysis was beyond the scope of this work,
the identities of acyl-HSLs from strain SPR044 could be par-
tially determined by using previously described criteria (3, 41).
Based on the spot-like migration during TLC (3-oxo deriva-
tives give comet-like signals), the failure to induce the quorum-
sensing system of P. aureofaciens 30-84I, and the deviation of
the Rf values from the Rf values of nonsubstituted HHSL and
OHSL, compounds A and B are probably C-3-hydroxy acyl-
HSLs. The Rf of 0.5 observed in the case of compound A
suggests that it is probably 3-hydroxy-OHSL (3). In contrast,
fractionation of compound B did not allow assignment, and
more extensive analytical chemistry is required to identify the
structure of this compound.

Quantitative analysis of acyl-HSL production by the differ-
ent TnMod insertion derivatives revealed a correlation be-
tween the amounts of autoinducer and the amounts of antimi-
crobial metabolites, phenazines, and extracellular proteases,
showing that the regulation is similar to that of strain PCL1391
(6). Strain SPR344, isolated because of the increased amounts
of green PCN crystals per colony, deviated from this scheme.
The production of acyl-HSLs and antimicrobial agents was not
greater, suggesting that acyl-HSL-controlled processes are not
generally up-regulated. Possibly, overproduction of PCN re-
sults in down-regulation of different biochemical pathways at
the expense of other metabolites. A similar effect was de-
scribed in the case of a PCN-overproducing phzM mutant of P.
aeruginosa, which synthesizes reduced amounts of other phena-
zines (28). Based on sequence analysis of the gene affected by
the insertion, however, an alternative explanation is likely. The
gene product exhibits 55% similarity to the protein encoded by
lpsE of Sinorhizobium meliloti and 55% similarity to an RbfU-
related protein from E. coli. These proteins are glycosyl trans-
ferases involved in lipopolysaccharide (LPS) core biosynthesis.
Overproduction of green PCN crystals could be a consequence

FIG. 4. Expression of gacS in trans compensates for the reduced lag
phase of strain SPR244. P. chlororaphis SPR044 and SPR244, as well as
SPR244 carrying pTrc300 or pTrcGacS, were grown in liquid M9
minimal medium supplemented with 0.5% myo-inosit under aerobic
conditions at 26°C. OD600, optical density at 600 nm.

FIG. 5. Levels of RpoS during growth of strain SPR044 and derivatives of this strain. Cells were grown in M9 minimal medium supplemented
with 0.5% myo-inosit under aerobic conditions at 26°C, harvested after 6 h (lane 1), 10 h (lane 2), 14 h (lane 3), 18 h (lane 4), or 24 h (lane 5),
and lysed in sample buffer. Equal amounts of proteins in cell lysates were subjected to SDS-PAGE and Western blot analysis with RpoS-specific
antiserum. (A) SPR044; (B) SPR244; (C) SPR244(pTrc300); (D) SPR244(pTrcGacS). Molecular masses of reference proteins are given on the
right.

VOL. 69, 2003 INACTIVATION OF GacS IN P. CHLORORAPHIS 1823



of the altered LPS, favoring the efflux of PCN and/or the
formation of green crystals. In support of this hypothesis, LPS
was isolated and, indeed, the LPS from SPR344 proved to be
different from the LPS from the wild type (data not shown).

One mutant belonging to each phenotypic class (acyl-HSL
negative, PCN negative, PCN overproducer) was chosen for
studies of A. thaliana rhizosphere colonization. The goal of our
work was to analyze subtle effects caused by alterations of such
colonization factors. We therefore chose a gnotobiotic system
due to its relative simplicity and reproducibility and to the fact
that the results obtained with such systems mimic those ob-
tained with natural soil (43). The absence of PCN production
by strain SPR644 did not negatively affect its ability to colonize.
In addition, coculture with other efficient colonizers was not
affected (38). This is in contrast to previous results showing
that a complete loss of phenazine production reduced the
ability of P. aureofaciens to survive in soil (29). However,
SPR644 lost only the ability to produce PCN, and it was still
able to synthesize PCA. Conversion to the last product of the
pathway is obviously not required for efficient colonization.
The antifungal activity, which was reduced in a PCN-negative
PCL391 derivative, was not examined in the present study (4).

The growth of SPR344 was not reduced in liquid culture
under different conditions tested in this study, showing that this
bacterium does not have a major fitness defect. However, its
ability to survive in the A. thaliana rhizosphere was markedly
reduced, which may have been due to increased PCN accumu-
lation in the area around the cell. Diffusion of phenazines
across the membrane results in acceptance of single electrons
and disruption of the respiratory chain. The increased extra-
cellular accumulation of PCN could also result in overproduc-
tion of O2

� and H2O2 to levels which may exceed the capac-
ities of the cellular superoxide dismutase (16, 17). The altered
LPS composition of strain SPR344 is probably not the main
reason for its reduced growth, since colonization of the higher
parts of tomato roots by an O-antigenic mutant of P. fluores-
cens was not affected (10). In any case, this strain was unable to
compete with other bacteria upon prolonged cultivation. Chin-
A-Woeng et al. showed that engineering the phenazine path-
way towards PCN production extends the biocontrol ability of
Pseudomonas spp., which do not naturally synthesize it (5). Our
results indicate that great care should be taken, because mas-
sive overproduction of PCN may negatively affect bacterial
fitness.

Rhizosphere colonization by GacS-defective strain SPR244
was significantly reduced compared to rhizosphere coloniza-
tion by the wild type when the two strains were inoculated
separately. In contrast, after coinoculation, the population
sizes were similar. To explain this observation, a detailed anal-
ysis of the growth in combination with an immunological anal-
ysis of the stationary-phase sigma factor RpoS was performed.
The reduction in the lag phase observed for the quorum-sens-
ing-negative strains was shown to be a consequence of delayed
and incomplete entry into stationary-phase physiology. Our
results are consistent with those of Latifi et al. (25) and You et
al. (51), who showed that addition of acyl-HSLs to exponen-
tially growing cultures leads to repression of cell growth and
production of stationary-phase-specific RpoS regardless of the
cell density. We thus suggest the following explanation for the
finding that the size of the population of SPR244 was signifi-

cantly smaller than that of the wild type in solitary growth
experiments but was similar during cocultivation experiments.
Due to an inability to produce quorum-sensing-regulated ex-
tracellular enzymes, the SPR244 population is dependent on
readily available carbon sources. In solitary growth experi-
ments, this leads to nutrient depletion and a decrease in the
growth rate after 14 days. During cocultivation, however, ex-
tracellular enzymes from the wild type could provide access to
easily degradable carbon sources, and this may relieve nutrient
limitation for SPR244. Diffusion of acyl-HSLs is not likely to
complement the gacS defect, because the GacA-GacS regulon
affects many acyl-HSL-independent pathways (18, 33). In ad-
dition, experiments with conditioned medium also showed that
there was a reduction in the lag phase and postponed entry into
the stationary phase for the quorum-sensing-negative mutants
(data not shown). Significantly, the postponed entry into the
stationary phase may allow relatively fast growth of SPR244,
whereas it may cause entry into the stationary phase by the wild
type. This hypothesis is supported by the results of Bull et al.,
who inoculated P. fluorescens wild-type strain CHAO (99%)
with the CHA89 gacA mutant (1%) and found that the pro-
portion of gacA mutants increased to 4% before entry into the
stationary phase (1). This indicates that in rich media the gacA
mutants have a competitive advantage, which may be related to
delayed entry into the stationary phase. Similar observations
were made by Sánchez-Contreras et al., who showed that phase
variation and phenotypic selection during alfalfa root coloni-
zation by P. fluorescens are often correlated with point muta-
tions in gacA (36). In addition, Duffy and Défago observed
accumulation of spontaneous gacA or gacS mutants during
biocontrol inoculum production (12). The mutants may have
an advantage, because they continue to grow exponentially,
whereas the wild type enters the stationary phase due to the
high concentration of acyl-HSLs.

Taken together, our data support the notion that the pres-
ence of the GacA-GacS system may be disadvantageous to
rhizosphere bacteria under some conditions. This may be due
to the fact that in addition to the regulation of colonization,
this system promotes entry into the growth-retarding stationary
phase. A balance of GacA-GacS-positive and -negative strains
may therefore be optimal for the survival and adaptability of a
community. From the applied point of view it, would be inter-
esting to assess whether it is advantageous to use acyl-HSL-
negative strains as inoculants. The insensitivity of a GacA-
GacS-defective inoculum to a high concentration of acyl-HSLs
may have a positive effect on the population of the inoculated
strain, resulting in enhanced delivery of catabolic plasmids to
an indigenous population and in stimulation of bioremedia-
tion.
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